
*3=*1 156~ rn~I~rIE11R-11 

uwCASS~IFID 1IC 1. NL



i 6



NASA Technical Memorandum 100078 USAAVSCOM Technical Memorandum 88-A-001

'y0AD-A 198 '150

Uf

An Investigation of the Ability to
Recover from Transients
Following Failures for Single=
Pilot Rotorcraft
M. Hossein Mansur and Jeffery A. Schroeder

DTIC
AUG 1 18 1988

May 1988

Natioal Aeronautics and AVIATION RESEARCH ANDSpace Administrat&o TECHNOLOGY ACTIV[TY

8 8 1



NASA Technical Memorandum 100078 USAAVSCOM Technical Memorandum 88-A-001

An Investigation of the Ability to
Recover from Transients
Following Failures for Single-
Pilot Rotorcraft
M. Hossein Mansur
Jeffery A. Schroeder, Aeroflightdynamics Directorate, U.S. Army Aviation Research and
Technology Activity, Ames Research Center, Moffett Fieid, Caiifornia

May 1988 - .

NASAUS ARMY
National Aeronautics and AVIATION
Space Administration SYSTEMS COMMAND

Ames Research Center TECHNOLOGYACTIVITY1klufett Feid, Godfornia 94035 MOFFETT FIELD, CA 94305-1099

miI iim • • I I IE CA III3I-1099I



SUMMARY

A mo~ viing-lase simiulat ion w as conduct ed to inivest igat e a Pilot's abilityv to recover frolri

ran ,ieiil following single-axis hiard-over failures of the flighit/cont rol SN'stefll. The inlvet i-
gal j(n wats perfo rmied iii conijunct ion withi a host simulation t hat examlined thle infl uence of

cont rol moi des onI at s ingle pilot's ability to perform various mission elemnuts5 under ligph-

workload cond(it ions. The N AS A Ames large- amplit ude- motion Vertical Motion Siniuaior
( M )was utilized, and tine experimental variables were the failure axis, thle severity' of Ihe

falure, and the airspeed at which the failure occurred. Other fact ors, such as pilot worklo)ad

all(] I errain and( obst acle proximity at the time of failure, were kept as constant as )o-sible

wit in thle frainework of the host simulation task scenarios. No explicit failure warnings" were

Ipreseiit ed t o thle pilot. Data front the experiment are shown, and pilot ratings are compared
wvith thle proposed Itandli1ng-qu alitiles requirement s for milit ary rot orcraft . Results Inmdicat e

hat thre cuirreiit proposed failure transient requiremenits miay nieedl revision. (

INTRODUCTION

The aility of thIe pilot to~ recover fromi t he t ransient mot ion whinch follows mnyr t v pes of

failures, is of paramouniit import anice to aircraft ma nu fact utrers and operators. bothI civil and

iuit Itar. For iianrufact urers. provision for adequate reco~vir> capability may be a (letermning]I r 11l
fact or whren designing cont rol power arid control atthority into a new helicopter, and( for

operato(rs. it maY dict atc new training procedures and] momnitoirinig equipment. Thie proposed

ulpdate to NILl-H-8!501 . the Handling Qualities Requirements for Military Rotorcraft (ref. I )

outllines- requirements for lithe capability to recover fromr varying levels of Irausietl Foll oriln
failures, itable I ).These requirements wvere livpot lies]ized. hiowever. and imisuflicicmrt fi:-
and( 'innui1lation data exist ed to verify thei r applicability. Therefore, the simulat ion disvwssed
ill tlii report 'a s (lesigierd to validate or uipdat e thle propoPsedI requirements.

Thre inuvestilgatio Wm v carried out as p~art of a hiost simiuilat ion thlit was desijed to(
i Tvest igat e thle ablilty\ of a single pilot to coind(uct demandinig tactical mission tasks, \N- t11n

di ifer-eit cont rol nodcs urndter i gi workload conditions ( ref 2 I. Thre hnigh lev I of pilotd
workload designed inito thle host exp~erimient was iiiport att sinice it provided suflicienit l for

pilot preocculpat ion withI thle flight task to p~rev'ent aniticiplat ion of thre failures.

Ismng table I as a gmide, firi!urc le~tls ,V( icdefined as uncoanianded attitude excursions

)i specified intervals of time or as step changes ]i acceleration. Single-axis hard-over failures
tin the automatic flight control system (AFCS) of the advanced digital optical control s *ystemi

(ADOCS) (ref. 3) were used to achieve the excursions. As a result, the pilots were left
with the primary flight control system (PFCS). which utilizes only forward-loop shaping
of ltne controls, for rccovery in the failed axis. A step input replaced the output of the

AF('S. arid the size of this step determnined the severity of the failute. To allow the pilot to



assess quantitatively the effects of the simulated failures, a failure rating scale was designed
to comlplement the Cooper-Harper Pilot Rating scale (ref. 4). This report describe- Ihe

experiment, presents the results, and makes suggestions for further investigations.

BACKGROUND

Previous attempts at defining specifications for transients following failures provided

qualitativye common sense approaches to the problem without specifying quantitative crite-
ria. Ch'alk et al. (ref. 5) specify the following for traisients following failures of the flight
cont rol system ( FCS): "Failure-induced transient motions and trim changes resulting either
immediately after failure or upon subsequent transfer to alternate control modes shall be
.iiiall and gradual enough that dangerous flying qualities never result." Regarding single
failures of any component or system, reference 5 states. "The aircraft motions following su(i-
den aircraft system or component failures which might occur during maneu'ering flight or
uInattended trimmed flight shall be such that dangerous conditions can be avoided by pilot
Corrective action. A realistic time delay between the failure and initiation of pilot corrective
acti,,n shall be incorporated when determining compliance." The proposed revision to this
docuen t ref. (i) retains these criteria.

The first of the statements from references 5 and 6 just given is taken from MIIL-F-
",7' ,l (ref. 7). A small but important change was made to MIL-F-8785B in its update
toi MIIL-F-87s5C (ref. 8). This change deliberately deletes the phrase "sntall and gradual
'n ug}i'" since it wvas noted that it may be to the pilot's benefit to experience a noticeable

tramisient after the failure in order to alert hini or her to a failure. In fact he experience
f (;eneral Dynamics with the 13-.5 (ref. 9) led them to suggest that a mini mmn allowable

trar ,ient l)e specified. Their reasoning was that the previously low allowable traisients of
referetice 7. that would result from soft failures could lead to a catastrophe if the pilot did
Ii(t detect the failure. For MIL-F-8785(' it was decided to change only the prexiou-ly noted
wordiii,- without quantitatively specifying a mninimunt allowable transient followi i failure.
Tlie propo.-ed MIL-F-S3300 revision of reference 6 (lid not reflect this change.

The qpant itative re(uirements for transients following failures of 1IL-F-,T7,(' are:
"\i comtrols free, Ilie airplane motions due to failures shall not exceed the following

limits for at least 2 sec following the failure, as a function of the Level of flying qualities
after the failure transient has subsided: 1 ) For Levels I and 2. a -.. rg increi,,ital normal or
lateral acceleratioi, a! the pilot's station and ±102 per sec roll rate, except that neither stall
angle of attack nor structural limits shall be exceededl. I!, addition, for Category A (flight
that requires rapid maneuvering, precision tracking, or precise flight-path control). vertical
or lateral excursions of 5 ft and -i 2 deg. bank angle. 2) For Level 3. no dangerous attitude
or structural limit i 1, ,'+rd, nt no, a , .. 1.,.. oi the flight-path results from

which recovery is impossible."
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The proposed criteria in reference 1 stem from previous specification.s for the in-fliglht
and ground handling qualities of the L'H-60A (ref. 10) and the AH-64A helicopters (ref. 11.
Both of these specifications place angular rate and translational acceleration linit., on ilie

helicopter transient response to a failure. Reference 10 states that "\vith the anlolmialtic
stabilization and stability augmentation equipment engaged. aid from steady level flight1 for
a period greater than 30 sec. out-of-trim conditions resulting from abrulpt disetigagemeii (r
from abrupt single failure of the equipment to a hard-over positi ii a -i ngle axi, shall be
such that wit h cont rols free for 3 sec following the disengagement (I" fajitire. the esult in rate,
,)f yaw. roll. and pitch shall not exceed 10' per sec and the change in norimal acceleratil i shalfl
not exceed -0.5g." Note that these requirements differ from the fixed- ig rejqlii' r ellt
only in the length of the time interval. For failures of a single power-operated control systeiii.
reference 10 retains the same limits, but states that the limits apply to trimmed level flight
speeds above S0 knots. Reference 11 employs the same criteria for failures of the automatic
stabilization equipnieit. As reference I explains, the criteria in reference 1 do not explicitly
address I ) loss of control. 2) structural limit exceedence, or 3) collision with nearby objects.
The proposed specification covers items I and 2 by stating that in forward flight the aircraft
must stay within the Operational Flight Envelope and item 3 by tlie position excursion s thal
result from the specified acceleration limits. Transient failure limits are also defined for 1)0th
hover and low speed, while bot i references 10 and 11 cover only lie forward flight port ion.,
of the aircraft ffiinL- envelope.

EXPERIMENTAL DESIGN

l;i this section. the current failure-recovery requirement., dre re i.cwed. Also. experimental
\ariables ahng with the fail ure-insert ion technique that uses the A)O('. cotitril l ,i< are
dscrited, and the failure reco.erv rating scale is iltroduced.

Current Specification

File proposed update to iIIL-H-S501. Handling Qualities Specification for Militar\ H,-
torcraft (ref. 1 ). states that "the transient following a failure or combination of failures shall
be recoverable to a safe steady flight condition without exceptional piloting skill." It also
states that the perturbations encountered will not exceed the limits of table I.As Ilie ta-

ble shows, the specification is broken into two speed regimes where hover and low speed
are defined as speeds less than 45 knots. Near-earth operations are defined as operations
sufficiently close to the grouid or objects fixed on the ground such that flying is primarily
accomplished with reference to outside objects. The levels 1, 2, and 3 bo,,nd eis a-" definc.

. ('ncper-f-srper atings of 1-3.5, 3.5-6.5, and 6.5-9.5, respectively (ref. 4).
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Figure 1. taken from the Background Information and Users Guide for reference 1. show."
tine histories of the attitudes, attitude rates, and body axes accelerations in addition to lIhe
explicit limits ill 3 sec, as given in table 1. As shown, the attitude failures are assumed to
produce a constant attitude rate, whereas the axial failures are assumed to produce linearly
increasing body.-axis accelerations. As mentioned earlier, the limits proposed in table I are
hypothetical: the purpose of this experiment was to validate, or provide data to revise. thee
limits.

Experimental Variables

Experimental variables fcr this investigation were the failure axis, the magnitude of the
failure, and the aircraft airspeed at the time of the failure. Other factors such as pilot
workhad. altitude, and terrain and obstacle proximity also play anl important role in the
pilho"' ability to recover from certain failures. [he proposed requirements do not specify
lie.e condoit ions at the time of failure and, therefore, essentially similar conditions were

imaintained for all the simulated failures. This was possible since the pilots had to follow
thi <rict lmission scenario of the host simulation (to be discussed) which kept flight path.
allitudc. and terrain proximity similar for the mission task elements of all runs.

Flight Control System and Failure Insertion

A ilodel- following control system. described in detail in reference 3. was used t,, exanl mie
ihe fallure iiiodes. The output of the model to be followed is fed into a structlure that
appir,,ximates a unity translnissioi, via a simple preinultiplied plant inversion in conitinali(l
Ni%1h a higi-gain feedback stabilization loop for robustness and disturbance rejection.

ll, F('S i, divided into two parts (fig. 2): (1) a primary flight control system (PF('S.
ail ('2i an automatic flight control system (AFCS). The PFCS provides the pilot wilh a
reVC*e'\ l Illml)(e Ilat Con sist-, of simple forward-loop shaping of his command signals to tlle
,, tr, actuat ors. The A F('S contains the desired feed-forward command model along with
Ohe f,-edback law., that provide di,turbance rejection as well as mininiization of tlie effects
,t plant paraneter variations. The output of the AFCS passes through some port limilin

(fl,. :3 and is thlen suminmed with the output of the PF('S. The port limiting provides partial
safeguard against hard-overs of the AFCS. Signals from the AFCS are divided hetxeen
a high-frequency-compensation path and a low-frequency-trim followup path. The high-
frequency path has a low-authority limit; thus any hard-over from the AF('S is attemiualed
bY the combination of this low-authority limit and the rate limit in the low-frequeny trim

pat h.

BI,,tk diagrams of PFCS in all four axes are shown in figure 4. Each axis, except for
the directional axis. has a nonlinear shaping function, a sensitivity gain., and a derivative
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rate limiter. All axes. e:.rept for fhe vertical axis, have a lead-lag shaping functio. '[lie
outputs of these four control axes cnter a control mixing network ihdt attellipt s to d(ecomple

the aircraft response to control input.

The aircraft responses to step inputs are shown in figures 5-8. These responses were
generated using the stability derivative model of the UH-60 in hover (ref. 3) Tli.- io(l'i

is shown again in figures 9 and 10. Concatenated in front of this model were lhe lead-lag
shaping funclions or gain (fig. 4). The input magnitude for each of tile response, is tle

equidlent stick fi*pla-ement in inches.

For this investigation, failures were simulated by disconnecting the output of the AF('S
(prior to the port limiting) and replacing it with a step whose magiitude would oetermine
the severity of the failure. As a result, the states that were fed back to the F('S computer no
longer influenced the system response after the failure. The pilot was therefore required to
recover tihe aircraft with only the PF('S in the failed axis which provided mlY forward-hoop
shaping of his commaxids.

Failure Rating Scale

[he ('ooper-Harpcr pilot rating scale is generally used to evaluate the handling q'Ialities
of aircraft, both in flight testing and in ground simulation. In this investigation. however.
both handling qualities and the pilot's ability to recover from a failure were of interest. It
was fel, that if the Cooper-H arper scale alone was used. the pilot would not be ans\veriili

tile questions that are directly relevant to failure recoveries. Also. certain kevwords take on
slightly different definitions in the context of a failure state. For example. vworkloads are
typically very high while attempting to recover from a failure and as a result. "tolerahle
workloads- need to he redefined. Finally. even though the ( oler-lHarper scale d, witli

lie queslion of flighl safetv. it is not explicitly broken down in the ('ooper-11arper deci..ion
tree for the case of an ol going failure.

A new rating scale was therefore designed specifically for ratin tie ahili , t rcIver

from the ahrupt transient motion following a failure (fig. 1 1 ). The scale fornat i- :iilar i,,

a turlulence-effect rating scale discussed in reference 12. The design 0i- .,cda i.ii Imlar
to the Cooper-ltarper scale in that certain key questions separate blocks ,,f rati q-. lIhe
first question in the decision tree serves simply to separate a crash from a recover.\. The
next question deals with safety of flight issues and separates those failures which enidanler
the aircraft and crew (level 3) from those that require appreciable effort for recoxer: Ihut are
not safety-critical (level 2). The final question in the tree quantifies tile effort required lto
recover as noticeable (level 2) or negligible (level 1). Note that tile failure rating sctale use,
letters ,nstead of numbers to avoid confusion with the Cooper-Harper scale. This Failure
Rating Scale was subsequently used to define and evaluate the monitoring concept for tile
NASA V/STOL Research Aircraft in reference 13.
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As menii oned ab~ove, the failure rating scale was designed to complement t he (Cooper-

Harper scale. Therefore, certain correlations between the two scales miust be clearlY (iefiiled.
'('Ie faire rating scale consisted of three levels, defined similarly to tile ('ooper-Ilarperi

levels. For exaimple, a failure rating level- I (FRL 1)I failure was considered to be a mild failure
reqiring onlv iiiiiiniial increase ivi pilot workload. InI the ('ooper-Harper terminology, at in ist

01ilY miil dlY unpleasant deficiencies result fromn a FRIL I failure and only iimiial addi In al
p)ilot compenisation is required for desired performance. Note the relative nature oftI lie failure

ratintig scale as opposed to the absolute nature of the Cooper-Hlarper scale . Miniuial pilot
c 111 pensa t ion in thle failure rating scale refers to the pilot compenisat ion required iii addli t u II

loite plilot compensation required prior to the failure. Therefore. an aircraft having level-
2 handlig qualities (requiring considerable pilot compensation for adequate performance).

uriaY have a FRIL I failure cdusing it to require miiinial additional pilot compensat ion. AlIso
in de that the failulre scale applies onily to the interval of thle transient mnotlin folloing the
fi I II re.

'iice a comniiat ioi of thle severity of the failure and the handling quialit ies of thle post-

faduiiire ai rcra ft det erminie the ease of recovery. thle rating scales are coulpled. Therefore. to,
interpret each rat ing. thle other rating must be known. Depenidi ng on the size of lie failure i.

hiowever. cit her lie failure rating or the ('ooper- Harper rating takes precedence. For a m~ild
faihire. the handling qualities of thle post -failure aircraft del ermnine the ease of recovery' anid
tierel41re !he Cooper- Harper rating is miore informative. In the case of a severe failure.

ho(wever. thle failure rating takes precedence because a level-I aircraft niiav crash IrIIt as
eazilv a> -I If vel 2.

INVESTIGATION FACILITIES

Jitilive ilgatlm iiiiwa- cond~ucted as part of a simnulationi st udy oif tie effects (of advanced

filititl anid oipla.% s stemis on the ability of a single pilot to perforiii variis tactical

iiiilitrv miiiii ref. 21. A soinniarv- of the facilities used for the host siiiirlatimi follow>.

Vertical Motion Simulator

I lie >i X degree-of- freedoiu. large- aiiiplit ude-niot ion Vert ical Motion Simulator \% I a:-
ii~ecl fla Ir le evalunat ions. Figure 12 shows thle V.NS and its motion a mplitutde and rate Iimnlits.
I lie large'(-1110iot io capabilities of lie VMIS inake it aii ideal tool for failure simiul at ions. It
pro vi des aiiiple iiiot ion culeinig to the pilots, allowinig t hen to detect failures even while
looking iside the cockpit. This ability adds a necessary degree of realism to tile experlimentl
a., Inidicatedj by the following postrma comment:

Assoon as I was sitting there very stable at a hover. suddenly I felt the vertical
iiot ion mnovinig down. I looked up and saw the altitude droppinig rapidlyI. grabbed
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I lie collect I ve and p)ulled . and I pulled very hard to get it to stop. ( Pilot :i. Vert Ical

I,-veI 1-2. Rating: F)

Them nut on logic is set lIpI such that t ranslat ioinal accelerations ar d rotational rate> fr& 'ill
lie aircraft's niodel are Input iinto fiilt ers whose effect i~s to wvash out all I raiislat lla I andi

ro t ation ual dlisplacemieints (upI to( const ant accelerat ion iniput s) (fig. 13 ). The mlot1 ion gai ii>

and wvashout frequencies for t his experimient are gi vei in taIble 2. The gainus and~ %vd>-ho lt

frequencies are thle low speed const ants b~elow 30 knots. thle high speed consiast diialmxo

GO) kinots. andl a li near interpolat ion bet ween thle lowv and high speed const ati for specdk

bet ween 30 aiid 60 knot s. Note that all of the motion gains are less t han unit.%-. Tliu t lic

pilot feels onlx' a percent age of t he acceleration in the model. This maxy have a delet erili>1

effect o)ii cueing as discussed later.

Advanced Cockpit

Ilie Cockpit insit niieit at iou was pat terued1 after lie (Ii spIavs ciirrent].%- 1 >ed Ix H ie

A1,111i' V. Advan ced Rot orcraft Technoloutgy Integration programi. The filight c( titrols, were- 5,id

,tc cointrollers &rt ' ht i cycic and~ collectivxe (MNIeasu remienit Syst eims Inicorporat edl liited -
dis~pladcemniit force cont rollers) aind limiltedl-displacenieii pedlals t Iiat wvere used for, di rCC-
tioual control. Tesetup was similar to the ADOCS 2-1-1 coifigirtin-ariitiii

coint roller for- pitclh and( roll and a left- hanid conitroller for Ilie -vert ical axis ( ref. :1) I'lie
force (lisp] aceinent gradients for thle sid(e sticks were all identical and eqjual to I .S2 lb) deg.
The pedals h ad at force gradhient of -10(11b in~ withI a breakout of 6 lbs. These,( vrati flcutl
wvere ,electedl fromi reference 3. In st eadl of thle usul helicopter Inist rumeiitat ion. tile piilot

%a provided with aii iiistriumienit package consisting of two (RT displays, (fir. 1-4). One (d
the display-s was iused as the( iiiisioii-inaiiageiieuit displax- ( NINI) to, provide it'. 'i anid
wveapons. statll Ii>nforiiat ion ( ref. 2). The ot her dhisplay serxed as t ltact ic('l-sit lt It ti dIi,

plaY ( TSI)). a iiiovlilg iiiap displaY. to show the pilot li> location aiid flie locatioiis (d litit Ii

(1i1011iiV aliid fri endlr clemieiits ref. 2). -Note that even though the NINl) cold liaxe lweti n-ed
as a fail tire Nvarniig (hevice, it wa io! usedl dute to reasons tlscussetl later.

Head-Up Display

In adlditioni to the NINII) and ine TSD. a head-up display was used to portray flight-pathi
iianiageimenit iniformnat ion. such as altitude, airspeed, anr(l heading. to thle pilot. The liead-u;,
(hisIplaY operated in one of four select able modes, namely hover, bob-up, transit ion, or cruise.
Figures 1') atid 16 show the Hover and the Cruise head-uip displays. respecti vely. This HIUD
is basedl on the AH-64 Apache Helmet Mounted Displav,'Pilot Night Vision System (lislplay
format. Almost all thle failures were injected while thle head-up display was in one of these
two( iiodes.



Evaluation Pilots

A N ASA research pilot flew several preliminary flights and theni assisted iiiI lie develit)

mnofflie failure raing scale. Subsequently. five active-duty U.S . Arniy hicpe
participated in thet ex per iment. t wo of whom flew the eti re test niat rix of thle lio t i-

ill ation. Ahh lougli each A rmy pilot was a highly experienced lhelicopt er piloit. all had (ii i.\

ii mu I e experienice and 1 rainfing )in research syst em eval uat ions and somue had little ex perieui c,

wit lnl s;i iiitlat ors. However, each pilot was given ample t ime to ly thle sliiator an' I

familiarize- lii uisel f with the sYstem prior to evaluation flights.

PROCEDURE

Lihe tl wuiv.~ctiouis describe tlie experuimental task. the pilot briefitm. and thec datai

Task

S1 rce ilit, fail ire . a usient experimnent was conducted as part of a host simailat iou the~

\\r t w re in ert ed whleI thle pilots were perfortning Sonme port ion of Ilie task i nin I lat i( ll

i- Ili a ,cen an ii. TFie ]lost simuulat ion mi soui consisted of five (list inct ta!sks: I ) ingress ,

ir .rimilid cuigagenrint . 3) battle-damage assessmuent .I-) air-to-air engagenneii . anld
s.Fail ires, were Inj ect ed duinn ig thle Ingress, hattle-damtage assessiiient and lile egress,

plimi 1Y u iV.Hoever, the pilots. were told that a failure could occur at aritiiii.

-1It,~i rs phasec Ivol ved nap-of- the-carthI ( NOE) flight a-t arounl 6I0 kmits f I

dipali tin-c wvavpoini A to at %Navpllit B3 within tile b~attle area. ]ii addilto to fllIin anld

haigaW]4tilie aircraft. lie pilot hiad the imission nianagemnitt task, oif providing lie hat tie

a Dliii h with Ii-1atthis report s anid enem *iv encouniters or sight ings If fire wvas received. the i lo(t

%,a t ' reptirt thle eiconuiter and~ mtark lhe posit ion b)y pressilig a bul)U 11 ll I lie periet cer

(d lie TSI). I'Imit reaclilng wavpoint B, thie air-to-ground enigagemcint wvas Initiatedl 1)1y
dI ect uim th lielno! ttiwards an enemy t aiik posit ioned1 nearby. After thle tank was (lest royeil

!ihiv l-duig-sssnei ( 13JA ) phase was iiiated. The pilot was, instructed to nIII(-

to a ho~ver posit ionl close to I le dlestroyed tanik (which would be there regardle.,s of who wo.i
lie ali-it-gri )thid engagement ) amid conduct and transmit a B DA. The BD A information1

ciomiistedl of lhe respotnses to prept'ogratied prompts which appeared oin thle MMID. While
ieI( aircraft was ii hoi-r, thle BDA information had to be entered on lie keyboard. All
lie vertical failures were iniserted during this phase. Next, thle pilot would lie Instructed to)

Intercept and~ engage an enemyv helicopter trying to penetrate the forward line oif Itroops III

his cinitY .N o failures were Inserted during this liase. The final port ion of thle mission1
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N as egi ess and~ a ret urn to base. This phase was frequently used to1 Insert eit her low- s;ee(i
N OE or high- speed up-and-away failures by alt erinig the sceniario to~ for-ce thle pilots I c retch
thle requiredl flight conditIiS.

A. mi ent ionied prev-iouslyv. failures Ii each axis were creat e(] by replacinig I lie cc rrespi (i dII _
AFSsga vit h a p~redletermined. const ant. step input . The iiiagnildes of te ie teps, weit,

(-Iosen to( create tlie desired at tit ude excursion iii 3 sec ( table I1) for each failie Ic evel.

a~tsmnVA that no recovery a t ion was t akeni by the pilot . The pilots. lio wever. were allm iec
to betgin recovery as soon as a failure was detected.

The basic task was to recover the aircraft to a safe flight condition. A saft' flight coililt io

was iomoniiially def-ined as one ti at would allow a safe ret urn to b~ase. The ii iiat e defli iitic In
of a safe. flight coindit ion, however. was left to t he pilots. sinlce it Nvi 11( (lepeintil ciic
situation. After thle pilot liad reco\ eredl and flown the degraded syst em IIni encip cigt, c

a ble t( evaluiate it . thle sliilatilon was Stopped andI thle Pilot was, asked t( I i ye a fa iiiire

ratling for his abilitY to recover anid also a Cooper- Harper rating for his abilitY it) cc cmiill
hel( coimcbat issioni with thle degraded cointrol syst emi.

Heferencc 1 state,, that -'all crew, members will be provided xvith Ii ninedlitc an 111 a uIv.
rt erpret able Indlicat ions t hat a failure has occurred and what correct ive act ic I., appr din-

at.11 owever . I') avoid tlie quest ion of "low to best lijoti fv ilie piloit of a failure and till,

alppro pri ate correctiv-e ;400t iW) u meanls of failure indication wvere used focr til-C eeimi ent.
Thlerefore. aside froiim lie u lconliinided mnot ion of thle aircraft . t hi pilots had (1ndiato
hat a failuiire lIad act uallv occi: rred.

Pilot Briefing

Ill achihi]1 1(i tcc briefing toc famtiliairize the p)ilots with dIc aolvauiced cockpit and Ilie
ccciiiplicatted iiiissiIcii sceiarcc 1of the hicst sliiilatioui. the, llicct were glxei bi-finai (ill t ic

(lesigil. olcjective. and~ applrocach of thle failure transient experinciti. Ini larticilai. thle piicct-
were Introduced to the( inew failure rating scale aiid were briefed on how to, iialw m~axiliiui

lii! of it iii ((Iiumiiictioii witl Ii te (coohpei-larlCi scale.

Data Collection

All tlie relevant variables, inch udinig aircraft states, failure inject ion points. and( pilot
ipuits were recorded onl strip charts and magnetic tapes. lie latter to allow su bsequieiit
conlptter-alded analyses. These analyses included thle deteriniat ion) of pilot -respoiise-t 1iie
dlhay obtained by measuring the time between failure injection and first recovery' actioii1.
uisinig plots of control mot ion vs. time. Also, the entire post run pilot comment arv wvas
recorded for each run, including the ('(loper-liarpei and the failure ratings.



RESULTS

lit lcxivewi g Ike follxmving results. it should be kept in Wind t hat thle post -failvirc Itandlitig

( a lit i wert, dePetC "n11 oI he lienaghlitutde of thle fare. SiWce, hie fai lure of t hie A F( S' ca nwt

tine of thle availablie cord rol power to lbe used to trimi out thle failure. for large fAilurs lWe

Irsultil" I]g it liett veritig coni wi aut hority in one direction can be marginal. Pilo coriniteit s

and~ ratings for all runs indicate that. for miost of the runs. the pilots considered the post -

failure aircraft I PFC5 in thle fai'r-d axis only) to possess inadequhate hianidling qualities for tilie

taj-k r 1 ottljleiitz thit 'ombihat mission). based otit Cooper-Harper ratings collected alonva vit I

faillirt rat jugs (fig. 1I7). Ilowever. the controllability of thle post -fai lure sytst emt wat rare1 x iii

Lorkgitudinal Axis

I 'h t b~i li:al failures were injected at thItree airspeeds: hover. 60 knots. and~ 100 kin i

?hc five l'rigitutdilnal failures inijectedl at a hover. two were at the- proposed uaxinito l00e-

2aii 11 Iree at thle level -3 values as present ed in Table 1. (If the nine 4lo~tudin al

ftdilc ijeteid at 60( kniot'-, one was at level 2 and eight were at level 3. Fmirallv the lailtirt

it- ai t 100it knmot was a leel3 failure. figure 1S is a graphical cotvtlflatioi oIf the failureC

TtT It dafit Ill11 the loigt udinial axis.

1!l 1t 1 'illaitdt't dttitude exrursints it a hover. the niajor IMIriih seemiod 0, lQ the

'"['ut- pdolt iiliducd-'cillatioit ( P10) ittitiallv following tile failure, as lhe Ihiit

' ' rvVe' itttpiissible.! A'lmtost, butt "Nit tt was'lt Nas 'afetv of flighlt

Ql:Iprtl111'cl luritig recoverx!'N'.' C tnargittallv. M\s a sigrificatit tihilutt "f

tilti'- 1 nr'dif, Dc-i'. ~fiititelv*"'s. It wxa tuiticeale. I witllitivc it an,,

'1'.itt.I'll I Jany 1,10s. Eveltile helaiq out it amt!t Ceverv t elst'. ltiil~i

I. 'ttIICl ribtited lartiallx It, the' degraded hiandlinig (jtaltisof 40w' nitilat

i( H(*' ( l'lu ' as inipar'd toI the AI"( 'Siht anty case. leveh-3 failures 124 atti ie elatige

",ci 'tiellc t"" laiii' I')t hr citliehl effectively ill a precise hover-hold sttaii ~.
I t ill i a tali-I positiolt. anid wefre iostlyv rated FRI, 3. The specitd vilues froilt

fil' iii'c I setenl quite atcepta t ile for hovtel. as mia' ie seent fronm figure 1 *4. \Note that aluts

;11 heiver rtatings fall u ithi~i "hie botundaries of tile saulte hutagnlit ide autlh ratingv levels.

I lit' rt''tlts werc not as clear for the forward tligtt (T0 attd 100 knots) cases. .'uaiti.

il' ltiatior litultvy seenilet to be ['10, following he attempilt to correct tite ittitia) at titutde

.\itriitl.Pilots ititutiet"ited that inl ati NOE enivironunent. this tendency to catise a NlO in

pit(I ( tal( %ery well Ise fatal.
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Iwi in I saY it was very pool-r and give It a rating o)f lotrt7Specitical lx. for
hli purpose o)f the fact that we're fliying low level anti NOE iii the close p~xilt

od' t rees and o)btacles Ii route. and I can't stand those pitch o)scillat(ions o)f I', t')

201()t 31) degrees uii1coliiiiaiided. especiallY, when I've got my at tent ion nivert e(

to) (ither t11ui1gs like hiandlinig Iiei NENID. Irvng to ping ]it coordinate,. andtrin

i, talk oh thle ratijo all at the saine timue. (Pilot 2. Lonugitivntliual level 3. Ratiluig

I I t t-(l Welt'ais Mckt(' 'il from pilot o pilot . as shiow ii III figulre 1". O ne odf III,

pi~~~ li o i. u v rated all fail ure., Ili all axes to be unrecoverable. Another pilot . onI hal(
otlttIic i and rate etite sai( level-3 failure from -B- ( very, good. nuegligible amiount o)f effor

req~uiredl to r1co)ver. FRI. I ) to "E" ( ptioi. not icealile auliount (if effort required to rcovr.

F I . 21.

A I'1k atili r'I~t Is('ime tielaY jleliuied as, thie interval between falilre ins'ertion authd

llu tlt , Ittapjor (tit ol linput ill tilie cor1res'polldilip, axis) for some of t lie lonigit udiiial faill i

Ili--. 19 dlidii at help explainu t Ius spread. howN% ever. It was noticed that Ili(. respinsi~

li it- f,(lr dhe uiiilder failures were souiiewiiat longer. InterestinglY, it was also, ttI'dtita
1 ilure t Ia liiixer seemuedl t() take lhiuger to detect.

Ili uimi ar r\. t he, dat a suiggest thIiat thle specifications iay lbe sat isfact orv foir the Ittimcl

ai(. whciat Ii u eticfi'aliius fori I lhe fhrxvard flight case cannoltt be conclusively valithated

Lateral Axis

vlI IItl Iit rviay evatuatk it111 in- sgvestIed that the prtiptoset level-I lateral failuires, were te e ed-
iullvd 11ild and t Itere-fore. onilY value, based on I t( m uaxinmumn level 2. level 3. and( lnure severe

t~i~tre~i oit hve amid forward flight (6ft knots) wvere evaluated. Filpr 21)isa rnipiia

i~e~itt t i tt f t1I1c dat.

hir tll h lteral-ais, failures ill a litier. thle muajor priliiseemied again to) be I lii l'lO>,
at rilu I f i-nidtial oeeuto

1t t ,k mne fo mr or five overshoot s. nrtdxubly pilot indtlucetd (mciii at lolls. lt gel it

iw vii to sonme kintd of conitrollable level. I almuost flew Initot the niouiaimi onI MY
right . If' I had been ili a tight hover hold wvhen that happened, it would have

been all over, because I wtoil](l have Immuiediat ely went right inito the trees. and(

I wvoudii t have been a ble to react fast enough to save thle aircraft . ( Pilot 3.
Lateral level 3. Rating: G)

'Thle ext ent of overconitrol seemed to b~e directlyv related to th li ission- management task
hei rig performed at thle momiiuent of failure insertion. Pilots commented that thle motionl



syleni sutficiently enabled them to detect unconinanded motion of the aircraft even while

looking inside the cockpit.

I was looking down and I'm going "whoa, something is going wrong" and I looked

up and there I was at a 30' bank. (Pilot 2, Lateral level 3. Rating: H)

However. some complai ied that tile lack of detail in th, coinputer-generaled ilmagery often

caused them to judge their initial attitude incorrectly.

As seen from figure 20. the hover data points fall either within or just outside the bound-
aries of the same magnitude and rated levels. The "'H'" rating given by pilot 2 for tihe level-3
failure ii a hover may be explained based on his pilot-response-time delay. Because 1e was

preoccupied With reporting his location during the simulated mission. he failed t(, detect t he

failhire fPr almost -7 sec then. apparently surprised by the attitude excursion, he drove tie
aircraft t , , hard. causing an unacceptable P1O. His comments indicate that the PIO caused
himi 1,i rate tie failure unrecoverable.

I reachi(d over on the map. and I was looking down at it when I started noticin1p.
the failure. I let go of the mat). I tried to recover, and it was usl one P () to
the other laterally, and there's no way for me to recover. (Pilot 2. Lateral level
3. Rating: I|i

F" ,r ie torward-fliglit case, the data suggest that the current specificalions are resirictiVe.

A, fiure 20 s ow.,. almost all data points fall to the right of the boundarie. of the same
tila-millile and ralimij level:. Note that failures more severe than the specified level 3 of 2.1
in .i sc were iei t to determine when FRI, 2 and FRL 3 failures are actually reached. A
.. lidv rvi im, oif the specifications for the forward-flight lateral failures is sugested hv
l *I'_-c 21 . 'I tec new , lindaries are constructed by defining the specified level 3 to be the lieW

,.-l I mand the ne'xt IwoI iiiore severe) levels t(o be the new levels 2 (32 in 3 ,c) anl(! 3 (70

111 .'ecl re-pectivelY.A, imiav be seen, a majority of the forward-flight poinls fall witlhi lhe
al ipr riate lie\\ oulildarie.,.

A partial phlot of failure rating vs. pilot-response-time del ay may be used to explai i

,0 , icof lie ic lcoIistencies. For example, pilot 5 rated tie same new level-2 failtire both a

" erY gt od. legligible aniount of effort required to recover. FRI. 1 ) and a Fl "'" (poor.

ioliiiable amuount of effort required to recover. FRL 2). Figure 22 shows that for the failure
rated a "B". pilot 5 responded in approximately 0.25 sec whereas for the one rated an "E".
,he res omse time was approximately 0.75 sec. From figures 23 and 24. it can be seen that

l1w adlditional lime resulted in an attitutde excursion which was three times as large at the
,' ,,( ,ft lIe 0. 77,-scc delay compared to the 0.25-sec delay. The difference of 6? may inot seem

.t!,i ficalit i it self. but tile ensuing PhO resulted in a maxinmm attitude chatige of 39' for
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the longer detection period compared to 19' for the shorter one. This difference is quite

significant and probably caused the difference in ratings.

A difference in average response time between failures in pitch and roll was observed. A

comparison of figures 19 and 22 reveals that the roll failures were. on the average, detected

sooner than pitch failures of comparable severity. A possible reason for this may be the

means by which the pilots detect errors in pitch and roll in the simulator (and posslly lhe

real world). A horizon line that is not level, whether detected from the computer-generated

image or from an instrument with an artificial horizon, is a quick indicator of an attitude

error in roll for level flight. Errors in pitch must be detected from biases of the entire horizon:

thus they may be harder to detect.

In summary, the current specifications seem to be adequate for failures in a hover. How-

ever, revision of the forward flight specifications may be warranted.

Directional Axis

The results for failures in the directional axis were inconclusive, as shown by figure 2.5.

Pilot I again considered the only failure he was given (level 3) to be unrecoverable, whereas

the data for the other pilots were scattered. Pilot 2 generally rated similar failures easier to

recover from than pilot 3. Both, however, rated identical failures very differently at different

times.

Nevertheless. the data indicate that the directional-axis failure specifications are too

restrictive. Since all the data points fall to the right of the boundaries of the same magnilude

and rating levels in figure 2r5. Note that, because recovery from the specified level-3 failures
is considered easy a new. more severe, failure level was also examined. The sprea C lhe

data makes it impossible to suggest a new set of specifications. as given for the lateral axis.

A plot of failure rating vs. pilot -response-time delay was made as an attempt to explain
soime of the scatter. As may be seen from figure 26. a few of the inconsistencies may lhe
explained. For example, pilot 3 rated the new level-2 failure once a "'" (good. not icealh

amount of effort required to recover. FRL 2) and another time an "F'" Ivery poor. safely
of flight compromised during the recovery. FRL 3). Considering tie severity of the failure.

the slight differemce (increase) in response delay may explain the worse rating. Even usinp

pilot-response-time delay to explain some of the spread, the data remain too scattered lo
point to any definite conclusions.

Vertical Axis

The severity of vertical axis failures was measured based on the resulting vertical accel-

eration. As may be seen from table 1, the specifications define incremental accelerations of
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0.05. 0.2. and 0.4 gs within 3 sec as level-l, level-2. and level-3 failures, respectively. All
three levels were examined in a hover only, as shown in figure 27.

A majority of the vertical failures of all levels, except specification level 1, were rated as
impossible recoveries (fig. 27), caused mainly by the inability of the pilots to detect sinking

1motion of the aircraft. This inability seemed to refer mainly to cases where the pilot.,
wtre looking inside the cockpit while performing a mission management task. However.
even when looking outside the cockpit, the computer-generated imagery seemed to afford
sufficient cueing of the downward motion only when very close to the ground. Additionally.
pilot comments indicated (1) a failure detection and warning system was needed to aid them
in initiating recovery as soon as possible and (2) the need to release the collective side-stick
controller to fice a hand for mission mianagement tasks had an appreciable effect on recovery.

In a normal situation in fllght, single-pilot cockpit, I'm going to have to use one of
iiiv hands. I can't use the cyclic because of the sensitivity of it. so I am having to

release my collective. That's causing me to not monitor 100'/( on that collective.
It is, on a single-pilot -cockpit type environment, it is impossible to expect lhe
pilot to have to maintain hands on the control 100'/( of the time. (Pilot 2. Vertical
level 3. Rating: H)

* Almost all of the failures which occurred while the pilot was performing a mission-
jilaiiagemeInt task involving the use of his left hand were rated unrecoverable.

Additional levels were defined between levels I and 2 to further explore the acceleration
at which tlie change from recoverable to unrecoverable occurs. As figure 27 shows, almost
all failures at or above the new level 1.6 (with a maximum acceleration of 0.11gs) were
c0Tnsidered unrecoverable. Since only a few runs were done with smaller accelerations. ithe
accelerations corresponding to FRI. 2 and FRL 3 cannot be determined. The data. however.
:uEige,t that tie current failure specifications are too lenient for a NOE environment. The

: plecified accelerations for each level need to lbe reduced. The magnitude of the reduction ,
however. can it be deltermined because of insufficient data.

DISCUSSION OF RESULTS

A general observation for all the runs was that the existence of direct failure-warninTg
instrumentation in the cockpit would have had an appreciable effect on the recovery. This
is especially true for the less severe level I and 2 failures, which were at times detected very
late or not at all.

( You had a collective failure) I did? (Yes) If I did, I didn't notice it. (Pilot 2.
Vertical level 2, Rating: A)
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Aiot her possible reason for the inability to detect th e I,-- sc-,er, fdiiures may be due to the
illotion feedback to the pilot. Although the visual scene integrates the model acceleration
correctly and gives the pilot the full effect of the failure, the motion system first attenuates

the magnitude of the failure by the motion gain and then washes it out to zero. The latter
effect should go unnoticed by the pilot, but the former effect directly reduces the acceleration

cue to the pilot by 30('. These effects lead to conservative results since, in the actual aircraft.
the pilot will have better motion feedback cues. Since the visual cues i. the real world also
will be better, they lead to conservative simulation results.

Some of the pilots expressed a need for a device that would inform them of exactly what

had failed and which systems were affected.

I would rather have some more aircraft systemns telling me that that's what I
have. In other words. if I have a longitudinal axis failure oni my flight control
system, I would like to have a light that says it or something comes on saying.

"hey. you have a failure" ... I was in question whether it was me flying bad or
the aircraft having a failure. I really wasn't sure. (Pilot 2. Longitudinal level 2.

Rating: C

Such a device can be especially useful for the milder failures. InI fact. an argument may be

made that in the absence of failure-warning instrumentation. mild failures may be dangerous
since they may go undetected until a recovery is impossible. especially in high-workload
situations.

I had my attention outside, trying ;, nake a radio call. thinking about a l)attle
dainage assessment. lhooking for lhe enemy, and thinking about programlming in7
the report. With all of these other things on my mind. I (loll t have time to be
nionit oring lthe flying that close, and I don't think I would have caught it in time.
so I'm going to give it ail "I". (Pilot 3. Vertical level 2. Rating: H)

Therefore. a high fidelity monitoring system can be crucial ii dealing with the milder failures.

Some general comments follow. 1) For hover and low speed. the attitude excursion
specifications do not distinguish between failures based on how and when (within the 3-
sec period) the maximum attitude is reached. Such distinctions may be important. For
example, a failure which causes a large initial attitude change which levels off as the maximum

excursion is reached, may be more severe than one with a slow initial attitude change on the
way to the same maximum value. This is true especially in the presence of failure warning
systems that would allow the pilot to become aware of the latter type of failures before the
attitude change becomes too large. Therefore, additional attitude-rate specifications may be

desirable to further clarify severity levels.
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2) Similarly, for translational accelerations, the manner in which tile maximui accel-
eration for each level is reached is not clearly specified. From the figures provided it the
Background Information and Users Guide to MIL-H-8501, it appears that a linear increase
in acceleration has been used to define corresponding rates and displacements. Linearly-
ilcreasinlg axial accelerations may be physically unrealistic. For hover and low-speed flight.

a hard-over in the vertical axis will produce a step in acceleration that becomes washed out
as the vertical velocity increases. In fact, it is difficult to see what type of failure ii the
vertical axis would cause a linear increase in acceleration for hover and low-speed flight. It
seems more reasonable to change the proposed specification to reflect step time-histories ill
the vertical axis rather than ramps. Step accelerations are also desirable because they result
ill the maximum possible rates and displacements.

3) 'Fle same situation exists for the forward flight case. It is assumed that the accelera-
I ins i icrease linearly to the maximum allowable in the specified interval of time depending
on the level. Again, a step increase in acceleration may be more appropriate. Current specifi-
catils (1o not (listinguish between such failures (a step as opposed to a ramp) as long as tliey
do not exceed the maximum specified acceleration. The resulting rates and displacements
are sufficienth different, however. to warrant new definitions of the levels.

1) Fiitallv. an important area that the new specification does not cover is a discussiOli
of the regulation of the unfailed axes during recovery. With a hingeless rotor system. the
recovery fion the failed axis may introduce off-axis rates that must also be regulated. Thus

lie de.ree of augmentation left in the unfailed axes may influence the pilot 's ability to recover
tromui tie failure.

CONCLUSION

A iniig-base simulation Nvas performed to determine if the transient failure require-
iit ,t suggested ii the proposed handling qualities requirelnieit s for iiiiliary rot ,rcrafl are

sat isfactorx. The simiulation used the ADOCS control law structure with a 2- 1- 1 side- stick
coollroller meclianization which used two side sticks, one for pitch and roll and the ot her for
collective. and pedals for yaw. Failures were simulated as hard-over failures of the aut(omatic
flighl-coitrol system in both hover and forward flight. The failures were given to the pilot
while ider high workload during a simulated mission scenario. No failure warning.- were
presented to the pilot. Also. the failure mechanization forced the pilot to recover the aircraft
with no feedback stabilization in the failed axis. Finally. a failure rating scale was developed
to enable the pilot to rate the recovery from the failures accurately.

Results indicate that the proposed criteria for the longitudinal and lateral axes in hover
are reasonable while the criteria for the vertical axis appear to be too lenient. The directional
axis results were inconclusive in hover. For forward flight, the longitudinal-axis results
are inconclusive, while the lateral-axis results suggest that the proposed criteria are too
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restrictive, and possible new criteria are defined. Directional-axis forward flight results are

also inconclusive.
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TABLE 1. - Transients due to failures

FLIGHT CONDITION

LEVEL HOVER AND LOW FORWARD FLIGHT
SPEED NEAR EARTH UP-AND-AWAY

3-deg ROLL, PITCH, YAW BOTH HOVER-AND-LOW-SPEED STAY WITHIN THE
0.05g n x n y n z  NO AND FORWARD-FLIGHT UP OFE. NO RECOVERY
RECOVERY ACTION AND AWAY REOTS APPLY ACTION FOR 10 sec
FOR_3.0_sec__________ _____

10-deg ATTITUDE BOTH HOVER-AND-LOW SPEED STAY WITHIN OFE.
CHANGE OR 0.2g AND FORWARD-FLIGHT UP NO RECOVERY

2 ACCELERATION. AND AWAY REOTS APPLY ACTION FOR 5.0 sec
NO RECOVERY
ACTION FOR 3.0 sec

24-deg ATTITUDE BOTH HOVER-AND-LOW-SPEED STAY WITHIN OFE.
3 CHANGE OR 0.4g AND FORWARD-FLIGHT NO RECOVERY

ACCELERATION. UP AND AWAY REQTS ACTION FOR 3.0 sec
NO RECOVERY
ACTION FOR 3.0 sec

OFE: OPERATIONAL FLIGHT ENVELOPE

TABLE 2 - Motion logic gains and frequencies

Low speeda High speedb

GP Roll gain 0.3 0.2
GQ Pitch gain 0.3 0.2
GR Yaw gain 0.3 0.2
GX Longitudinal gain 0.6 0.3
GY Lateral gain 0.4 0.3
GZ Vertical gain 0.7 0.3
W p Roll washout frequency, rad/sec 0.6 0.7
Wq Pitch washout frequency. rad/sec 0.5 0.6
Wr Yaw washout frequency, rad/sec 0.5 0.6
W,] Longitudinal washout frequency, rad/sec 0.7 l.0
W Lateral washout frequency, rad/sec 0.5 0.7
ciz Vertical washout frequency, rad/sec 0.3 1.0

aLow speed <30 knots
bHigh speed >60 knots
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25 - LEVEL 2
--- EVEL 3 10
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20 - A REF 1 LIMITS

RESPONSE TIME HISTORIES
FOR FORM 9k

X = POSITION *fx, nly "z, (TABLE 1)
_15 -X =VELOCITY

:X= ACCELERATIONnn z(LVL3

,~10 ~0O~ ,(TABLE 1)
S0, o, (LEVEL 2)

xx

0 12 3
TIME, sec

F~igure 1. -~ State time-histories of previous and proposed transient failure criteria (from ref. I)
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SENSITIVITY LEAD/LAG
LONG. SHAPING GAIN EQUIVALENT SHAPING TO CONTROLFORCE STIKXTINTRO

DERIVATIVE DISPLACEMENT 0.8(s+ 1)X
0. RATE =

LIMITER s + 2

LONGITUDINAL

LAT
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IPTlbDERIVATIVE 0.54 (s +3.84) MIXING
0.37 RATE IN=

LIMITER s + 2.5
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PEDALS s+ 1.22 MIXING

s+2

DIRECTIONAL

VERT.VERT. 
TO C..,NTROL
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Figure 4. - PF('S block diagram.
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ADOCS UH-60, HOVER, PFCS WITH AFCS FAILED
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ADOCS UH-60, HOVER, PFCS WITH AFCS FAILED
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ADOCS UH-60, HOVER, PFCS WITH AFCS FAILED
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ADOCS UH-60, HOVER, PFCS WITH AFCS FAILED
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Figure 9. - UH-6C hover longitudinal equations of motion.
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Figure 10. -- FH-60 hover lateral-directional equations of motion.
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Figure 14. Simulation cockpit-
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Figure 16. - Cruise head-up display.
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Figure 18. - Longitudinal axis failures.
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Figure 19. - Reaction time delays for longitudinal axis failures.
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Figure 20. Lateral axis failures.
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Figure 21. -- Suggested revision for lateral axis failures.
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Figure 22. Reaction tiie delays for lateral axis failures.
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Figure 25. - Direction axis failures.
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Figure '26. --- Reaction fille delays for directional axis failures.

39



0 HOVER

H 02 2II 5 8 35 2

G I
. I I t o1

> > > FRL
F ' w 11 [Q3 ,. W"_

ZE

,, D P4 FRL 2

C I

U-

B I II I

S-PILOT FRL 1
A 22 !

I I

.07 .11
0 .05 .10 .15 .20 .25 .30 .35 .40 .45

MAXIMUM ACCELERATION WITHIN 3 sec, G

Figure 27. - Vertical axis failures.

40



NASA Report Documentation Page

1 Report NO. 2. Government Accession No. 3. Recipient's Catalog No.
US AAVSCOM TM-88-A-001
NASA TM- 100078

4. Title and Subtitle 5. Report Date

An Investigation of the Ability to Recover from Transients May i988
Following f-ailures for Single-Pilot Rotorcraft

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.

M. Hossein Mansur and Jeffery A. Schroeder A-88113

10. Work Unit No.

992- 21-01
9. Performing Organization Name and Address

Ames Research Center, Moffett Field, CA 94035 and 11. Contract or Grant No.

Aeroflightdynamics Directorate, U.S. Army Aviation Research and
Technology Activity, Ames Research Center, Moffett Field, CA
94035-1099 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address Technical Memorandum

National Aeronautics and Space Administration 14. Sponsoring Agency Code
Washington, DC 20546-0001

15. Supplementary Notes

Point of Contact: Jeffery Schroeder, Ames Research Center, MS 211-2, Moffett Field, ('A 94035
(415) 694-4037 or FTS 464-4037

16. Abstract

A moving-base simulation was conducted to investigate a pilot's ability to recover from transients
following single-axis hard-over failures of the flight-control system. The investigation was performed
in conjunction with a host simulation that examined the influence of control modes on a single pilot's
ability to perform various mission elements under high-workload conditions. The NASA Ames large-
aliplitude-motion Vertical Motion Simulator (VMS) was utilized, and the experimental variables were
the failure axis, the severity of the failure, and the airspeed at which the failure occurred. Other fac-
tors, such as pilot workload and terrain and obstacle proximity at the time of failure, were kept as
constant as possible within the framework of the host simulation task scenarios. No explicit failure
warnings were presented to the pilot. Data from the experiment are shown, and pilot ratings are com-
pared with the proposed handling-qualities requirements for military rotorcraft. Results indicate that
the current proposed failure transient requirements may need revision.

17. Key Words (Suggested by Author(s)) 18. Distribution Statement

Helicopters, Control system failures, Unclassified - Unlimited
Handling qualities, Simulation,
Handling qualities specification

Subject Category - 08

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of pages 22. Price

Unclassified Unclassified 42 A03

NASA FORM 1626 OCT 86 For sale bv the National Technical Information Service, Springfield. Virginia 22161



DATE:


